Strains of Salmonella enterica can be subdivided into clades that differ in their genetic composition, influencing microbial ecology and bacterial transmission. Salmonella serovar Montevideo strains 1110 and 304, representatives of two different clades, were used to evaluate interactions with the various stages of horn fly development. Sterilized cattle dung was inoculated with Salmonella monocultures, and horn fly larvae were exposed to 10 3 , 10 5 , and 10 7 colony-forming units (CFU)/g per strain. Salmonella supported horn fly development, and concentration-dependent differences in pupal survival suggested that Salmonella Montevideo 304 impacts adult emergence when larvae are reared in a high concentration. Viable bacteria of each strain were quantified from larvae, pupae, and newly emerged adults. Both strains were cultured from larvae at a mean $10 5 , regardless of concentration, and both strains survived pupation. Quantities of Salmonella 1110 were stationary through the midpupal stage, after which quantities declined in pupae reared in 10 5 and increased twofold in pupae reared in 10 7 CFU/g. Quantities of Salmonella 304 remained stationary throughout pupal development when reared in 10
The bacterial community inhabiting larval breeding sites is critical to the immature development of filth-and manure-breeding flies, such as house flies (Zurek et al. 2000 , Rochon et al. 2004 , face flies (Hollis et al. 1985) , stable flies (Romero et al. 2006 , Talley et al. 2009 , and horn flies (Perotti et al. 2001, Perotti and Lysyk 2003) . Variability is evident between larval species with respect to their use of bacterial isolates as a nutrient source (Perotti et al. 2001 , Rochon et al. 2004 , and this extends to the persistence of these communities throughout pupal metamorphosis and their recovery from newly emerged adult flies (Rochon et al. 2005) . Insects have been implicated in the spread of bacteria that are pathogenic to humans and livestock (Zurek and Ghosh 2014) ; thus, the larval acquisition and transstadial persistence of these microbes is of interest and concern with respect to insects being bacterial reservoirs and sources of contamination within livestock production settings (Rochon et al. 2005 , Crippen et al. 2009 , Zheng et al. 2012 , Zurek and Nayduch 2016 .
Salmonella enterica subspecies enterica (hereafter Salmonella) are frequently cultured from conventional livestock production systems, as well as pastured beef cattle and organic dairy settings within the United States, posing a contamination risk to food processing (Dargatz et al. 2000 , Fossler et al. 2004 , Newell et al. 2010 . Using comparative genomics and multilocus sequence typing, Salmonella strains can be subdivided into separate clades, the differences of which are based on genes that have roles in host transmission and bacterial adaptation to ecological niches, including apparent host preferences (den Bakker et al. 2011 , Parsons et al. 2011 . Salmonella serovar Montevideo is frequently found on cattle hides and in feces (Callaway et al. 2005 , Loneragan et al. 2012 . Two distinct strains were characterized to be members of our group, and these differ in at least four loci encoding fimbrial adhesins (sfa, stf, and lpf) and a viral enhancin protein (vep), resulting in their being classified into two clades (den Bakker et al. 2011) .
Transdermal transmission of Salmonella to cattle can be mechanically mediated by the horn fly, expanding our understanding of insect-microbe-host interactions (Olafson et al. 2016) . Horn fly larval development occurs solely in bovine manure (Foil and Hogsette 1994) , and the presence of bacteria shed in cattle feces provides an opportunity for direct larval-microbe interaction within the manure pat (Callaway et al. 2005 (Callaway et al. , 2006 Loneragan et al. 2012) . While Salmonella can persist in the horn fly adult upon acquisition by grooming (Olafson et al. 2014 (Olafson et al. , 2016 , interactions within horn fly immature stages are unclear. In this study, we address four questions related to larval-microbe interactions at the manure interface. 1) Do horn fly larvae and pupae survive in the presence of a Salmonella monoculture? If so, we expect survival to be consistent with that in substrate containing a full complement of the bacterial community. 2) Is larval and pupal survival impacted by monocultures of Salmonella strains representing two different clades? We predict that any strain effect will result in significantly different survival rates between the strains. 3) If larvae develop successfully in a Salmonella monoculture, does the bacteria persist during horn fly pupal metamorphosis? If so, we expect to recover bacteria from different pupal stages throughout development in similar quantities, regardless of strain. 4) Does Salmonella transstadially persist to adults arising from these breeding substrates? Recovery of the bacteria from adult homogenates would support this persistence. Dung bioassays coupled with culture recovery techniques were used to address these questions about Salmonella interactions within horn fly immature stages.
Materials and Methods

Horn Fly
Horn fly eggs used in all experiments were from a laboratory strain maintained in vitro at the Knipling-Bushland US Livestock Insects Research Laboratory (KBUSLIRL; Kerrville, TX; Lohmeyer and Kammlah 2006) . Briefly, gravid adult females deposited their eggs through the base of a fly cage (25.4-by 25.4-by 25.4-cm plexiglass cube with screened mesh walls), which was elevated over a moist white cloth. After a 2-h collection period, eggs on the moist cloth were rinsed into a beaker using sterile water and then poured over a dampened feminine napkin wrapped in white cloth. Horn fly eggs were counted and placed onto 14.2-cm 2 moistened Grade 1
Whatman filter paper circles (GE Healthcare, Piscataway, NJ).
Cattle Dung Collection and Sterilization
Cattle dung used in each set of fly bioassays was collected from one of two steers maintained in stanchion at the KBUSLIRL. Steers were fed 5.4 kg of 5.1-cm square alfalfa cubes per day and water ad libitum. Freshly laid dung was collected, placed in plastic bags, and stored frozen for 2-7 d until needed for bioassays. Animal care procedures are on file with the KBUSLIRL Institutional Animal Care and Use Committee. In an effort to examine effects of Salmonella monocultures on horn fly immature development, the cattle dung was sterilized prior to bacterial inoculation. For dung sterilization, 100 g was dispensed into individual, polypropylene specimen containers (473 ml; US Plastic Corporation, Lima, OH). These were covered with aluminum foil and autoclaved at 121 C for 30 min using the liquid cycle. Autoclaved dung cups remained covered and were cooled prior to use. Nonsterilized dung was used as a control for all experiments and was dispensed as above.
Salmonella Isolates
Salmonella serovar Montevideo was used for the study because it is frequently found on cattle hides and in feces (Callaway et al. 2005 , Loneragan et al. 2012 
In all experiments, dilutions of the S. Montevideo-GFP cultures were prepared in Butterfield's buffered phosphate (Butterfield's buffer; Sigma-Aldrich, St. Louis, MO), i.e., serial dilution to obtain % 1.0 Â 10 5 CFU/ml. The quantities were verified by viable plate counts on LB-carb-kan, and S.Montevideo-GFP expressing colonies were visualized using a UV transilluminator.
Effect of Salmonella Montevideo Strains on Horn Fly Larval and Pupal Survival
This experiment was conducted to assess the effect of clade A and clade B Salmonella isolates on horn fly larval survival and subsequent adult eclosion. Cups of autoclaved dung (100 g/cup) were inoculated in a minimum volume of 100 ml with either S. Montevideo-GFP 304 or S. Montevideo-GFP 1110 at a concentration of either % 1 Â 10 3 CFU/g, 1 Â 10 5 CFU/g, or 1 Â 10 7 CFU/g, and the dung was thoroughly mixed for 1 min using a sterilized spatula. A filter paper disc of 100 horn fly eggs was placed aseptically on the surface of the dung, and the cups were covered with facial tissue held in place with a rubber band. Cups were incubated in a rearing room held at 28 C, 60% RH, and a photoperiod of 12:12 (L:D) h for 9 d. In parallel, cups of nonsterilized dung (NST) and sterilized dung without bacterial inoculation (ST) were prepared in the same manner and held for 7 d. Resulting pupae were collected by flotation, enumerated, and visually inspected for deformities. Larval survival was calculated as: (number of pupae/[(number of eggs) * P]), where P ¼ egg hatch (Perotti et al. 2001) . A filter paper disc of 100 horn fly eggs was placed in a petri dish in the rearing room for 24 h, after which egg hatch was enumerated by microscope observation of each egg to confirm larval hatch. Egg hatch in all experiments was 0.99. Collected pupae were placed in petri dishes and held in a rearing room for 14 d, after which any adults that emerged were counted. Pupal survival was calculated as: [(number of adults emerged)/(total number of pupae)]. Incompletely emerged adults were scored as nonemergent. A total of three biological replicates were evaluated for each strain-concentration combination, as well as for the NST and ST controls. One-way ANOVA was used to determine whether larval or pupal survival varied by treatment, and multiple comparisons to the NST control were assessed using Dunnet's method (SigmaPlot ver 12.5, Systat Software, Inc., San Jose, CA). Data were further analyzed using a two-way ANOVA (SigmaPlot) with strain and concentration as main effects, and all interactions were examined. Means were separated using the HolmSidak method (SigmaPlot).
Persistence of Salmonella Montevideo Strains From Horn Fly Larval to Adult Stage
Recovery of S. Montevideo-GFP 1110 and S. Montevideo-GFP 304 during horn fly immature development was monitored using a dung bioassay. As described above, horn fly eggs were placed aseptically in cups of autoclaved, inoculated dung prepared in triplicate. One bioassay assessed presence and abundance of either the clade A or clade B isolate in third-instar larvae collected from dung inoculated with 1 Â 10 5 or 1Â 10 7 CFU/g. Third-instar larvae were manually collected from each cup 4 d post-egg deposition (dpe; n ¼ 10 larvae per cup). Bioassays were prepared separately for assessment of bacterial persistence throughout pupal development. Newly formed pupae (n ¼ 30) were manually collected from each replicate at 6 d dpe. Pupae were held in petri dishes within the rearing room, and these were sampled at timepoints representing early (6 dpe), mid (8 dpe), and late (10 dpe) stages of pupal development (n ¼ 10 pupae per timepoint). Larvae and pupae sampled at these timepoints were surface sterilized by successive washes in 0.3% sodium hypochlorite for 3 Â 5 min and sterile water for 3 Â 3 min. Each larva or pupa was macerated individually in 500 ll Butterfield's buffer, the homogenates were diluted and spread on LB-carb-kan plates, and resulting CFUs were enumerated. The quantities of Salmonella per third-instar larva were log transformed, and data were analyzed using a two-way ANOVA (SigmaPlot) with strain and concentration as main effects. All interactions were examined. The quantities of Salmonella per positive pupa were log transformed, and data were analyzed using a threeway ANOVA (SigmaPlot) with strain, concentration, and pupal stage as main effects, and all two-way interactions were examined. Means were separated using the Holm-Sidak method (SigmaPlot).
A subset of additional pupae from each replicate (n ¼ 10) were surface sterilized, as above, and held in individual, 1.7-ml tubes to monitor adult eclosion. Adults that emerged from the puparium were transferred, within 30 min after emergence, to a 1.7-ml tube with 100 ml Butterfield's buffer/0.5% Tween 20 and washed with gentle vortex agitation ("wash"). The fly was then aseptically transferred to a new 1.7-ml tube and macerated in 100 ml of Butterfield's buffer ("adult"), and the remaining puparium was macerated in 500 ml of Butterfield's buffer. The "wash," "adult," and puparia homogenates were plated on LB-carb/kan, and culturable bacteria were enumerated. Triplicate NST cups were assessed in parallel. Adult eclosion, if any, typically began 11 to 12 dpe. Surface-sterilized pupae from which adults did not eclose were held for an additional 6 d (to 18 dpe), after which they were macerated as above to assess presence of the Salmonella strains within the puparium. The quantities of Salmonella per pupa were log transformed, and data were analyzed using a two-way ANOVA (SigmaPlot) with strain and concentration as main effects.
Absence of Salmonella in the poststerilization dung used for the assay and presence of the Salmonella isolates in the inoculated dung cups was confirmed by culture methods. Autoclaved dung was cooled at 25 C for 16-18 h, and 2 g dung was sampled as below.
After manual collection of larvae, a sterile metal spatula was used to gently mix the dung without disturbing the remaining larvae. Two grams of manure was collected and 1 g suspended in each of 9 ml tetrathionate broth (TET; Neogen Corporation, Lansing, MI) and Butterfield's buffer. One milliliter of the Butterfield's dung suspension was used to subinoculate 9 ml of Rappaport-Vassiliadis broth (RV; Neogen Corporation). The TET and RV cultures were incubated with shaking (250 rpm) at 41.5 C for 24 h, and the Butterfield's dung suspension was stored at 4 C. The TET and RV cultures were streaked onto LB-carb-kan media and resulting colonies were visualized to confirm fluorescence. In all cases, no carb R /kan R colonies were cultured from autoclaved dung, while the respective Salmonella isolates were cultured from the autoclaved, inoculated dung.
Results
Effect of Salmonella Montevideo Strains on Horn Fly Larval and Pupal Survival
The effects of Salmonella strain-inoculum concentration combinations on horn fly larval and pupal survival are summarized in Table 1 . Larval development to the third instar occurred within 3-3.5 d in NST control dung, whereas this was delayed to 4.5-5 d in dung inoculated with Salmonella regardless of isolate or concentration. A proportion (not enumerated) of resulting pupae were visibly deformed relative to the NST control (Fig. 1) . Horn fly larval survival did not vary significantly between treatments, relative to the NST control (F ¼ 2.336; df ¼ 6; P ¼ 0.058), and ANOVA indicated that larval survival was similar between strain (F ¼ 0.0639; df ¼ 1, 24; P ¼ 0.803) and concentration (F ¼ 0.298; df ¼ 2, 24; P ¼ 0.745), with no significant strain*concentration interaction (F ¼ 0.563; df ¼ 2, 24; P ¼ 0.577). Horn fly pupal survival varied significantly between treatments relative to the NST control (F ¼ 8.577; df ¼ 6; P < 0.001), and ANOVA indicated a significant strain*concentration effect (F ¼ 8.808; df ¼ 2, 18; P ¼ 0.002) attributed to differences in adult emergence between the Salmonella strains when horn fly immatures were reared in 10 3 CFU/g (t ¼ 2.941; P ¼ 0.009) and 10 7 CFU/g (t ¼ 2.927; P ¼ 0.009). Indeed, reduced adult emergence was observed from the lowest concentration of Salmonella Montevideo 1110 and the highest concentration of Salmonella 304.
Persistence of Salmonella Montevideo Strains From Horn Fly Larval to Adult Stage
The proportion of larvae positive for S.Montevideo-GFP 1110 and S.Montevideo-GFP 304 were 1.0/0.97 and 1.0/1.0 for the 10 5 /10 7 assays. The mean CFU cultured per third-instar larva is presented in Table 1 . ANOVA indicated a significant strain*concentration effect accounting for variation in quantities of bacteria recovered per larva (F ¼ 20.057; df ¼ 1, 115; P < 0.001). Differences in recovery of CFU were evident between larvae from the 10 5 and 10 7 Salmonella 1110 assays (t ¼ 5.009; P < 0.001) and between larvae within the Salmonella 304 and 1110 10 5 assays (t ¼ 9.390; P < 0.001).
Persistence of bacteria and proportion of pupae harboring bacteria throughout pupal metamorphosis is summarized in Table 2 . ANOVA indicated significant interactions between strain*pupal stage (F ¼ 8.514; df ¼ 2, 281; P < 0.001) and concentration*pupal stage (F ¼ 17.122; df ¼ 2, 281; P < 0.001), suggesting that changes in recoverable CFU/pupa across the stages was not consistent between Salmonella strain or inoculum concentrations. Significant variation was attributed to differences within the ep (t ¼ 4.054; P < 0.001) and mp (t ¼ 3.469; P < 0.001) stages between Salmonella 304 and 1110, as well as to differences within the ep (t ¼ 2.496; P ¼ 0.013) and lp (t ¼ 6.855; P < 0.001) stages between the 10 5 and 10 7 assays. These are reflected in the observed fold-differences in bacterial recovery between stages. Mean quantities of recoverable S.Montevideo-GFP 1110 per positive pupa increased 0.73-fold from the early to late pupal stages in the 10 5 assay, while a 3.3-fold increase per positive pupa from early to late pupal stage was observed in the 10 7 assay. Mean quantities of S.Montevideo-GFP 304 recovered per positive pupa in the 10 5 assay did not vary throughout development, whereas overall mean quantities recovered per pupa increased 29-fold from early pupae to late pupae in the 10 7 assay.
Culturable Salmonella isolates were recovered from the adult fly "wash" and/or from the adult fly homogenate in only five individuals across all strain-concentration assays (Table 3) , representing 10.6% of the total adults that eclosed from this subset. In four of these cases, bacteria were recovered from respective puparia in large quantities, i.e. 10 3 -10 4 CFU per puparium. In an additional three cases, no bacteria were recovered from either the adult wash or homogenate, but $ 10 3 CFU were cultured from the respective puparium. No bacteria were recovered from puparia or adults of the remaining 39 individuals. Surface-sterilized pupae from which no adults eclosed were processed individually at 18 dpe, and the proportion of these with quantifiable bacteria was 0.86 and 0.70 from the 10 5 and 10 7 Salmonella Montevideo 304 assays, with a mean of 7.37 6 3.23 Â 10 4 and 9.15 6 3.12 Â 10 4 , respectively, per positive pupa. In the Salmonella Montevideo 1110 10 5 and 10 7 assays, the proportion of these pupae with culturable bacteria was 0.71 and 0.67, with a mean of 4.74 6 1.80 Â 10 4 and 1.37 6 0.41 Â 10 5 , per positive pupa, respectively. Salmonella recovery from pupae in which no adults emerged did not vary significantly between treatments, as ANOVA indicated CFU/pupa was similar between strain (F ¼ 0.0487; df ¼ 1, 60; P ¼ 0.826) and concentration (F ¼ 0.001; df ¼ 1, 60; P ¼ 0.986), with no significant strain*concentration interaction (F ¼ 0.397; df ¼ 1, 60; P ¼ 0.531).
Discussion
Bacterial communities are required for horn fly larval development (Perotti et al. 2001, Perotti and Lysyk 2003) , and this is in agreement with our observations of significantly reduced larval survival in ST dung (0.10 6 0.03) relative to the NST control, as well as the absence of adult eclosion from these puparia. Inoculating sterilized dung with a Salmonella monoculture restored larval survival in all cases, with no significant effects of treatment on formation of pupae. Deformed pupae were observed in both ST and inoculated dung assays, and these were reminiscent of insect growth regulator effects on pupal development (Lohmeyer and Pound 2012) . This may have resulted from inability of Salmonella isolates to supplement the nutritional deficiencies, including absence of the resident bacterial community, resulting from sterilization of the alfalfa-based dung.
Salmonella Montevideo acquired by horn fly larvae can persist to pupation, but the proportion of early stage pupae that are positive is reduced relative to quantities detected in third-instar larvae, indicating the bacteria may be either purged or lysed in preparation for pupation (Greenberg and Klowden 1972) . Quantities of Salmonella Montevideo 1110 from pupae reared in 10 5 or 10 7 CFU/g were stationary during early and mid pupal stages, after which there was a reduction in quantity from the mid to late stage in pupae from the 10 5 assay, a decline likely due to absence of nutrients for bacterial growth. House fly pupae reared from larvae fed a monoculture of E. coli undergo a similar reduction in bacterial load just prior to adult eclosion (Rochon et al. 2005) . Both the quantities of Salmonella Montevideo 304 and the proportion of pupae containing viable bacteria remained constant throughout pupal development in the 10 5 assay. However, this strain proliferated 3.7-fold from the early to mid and 5.4-fold from the mid to late pupal stage in the 10 7 assay with an overall 29-fold increase from early to late pupal stage, reaching %10 5 CFU in positive pupae. This increase is significantly different from that observed for development in Salmonella 1110. While quantities of Salmonella Montevideo 304 increased to the late stage in the 10 7 assay, there was a prominent reduction in the proportion of positive pupae such that no bacteria were recovered from 43% of pupae at this stage, suggesting the strain was being lysed. The observed proliferation of Salmonella Montevideo 304 in the mid to late pupal stage, though, suggests that the remaining viable bacteria are accessing nutrients for growth, even at this later stage in development. Whether this directly affects the developing pupa and results in the observed reduction in pupal survival in the 10 7 assay is unclear. However, Salmonella 1110 replicates twofold from the mid to late pupal stage in the 10 7 assay, and these late pupae have similarly large quantities of the isolate in a high proportion of pupae, yet adult emergence is not negatively impacted. Escherichia coli proliferates to the late stage in stable fly pupae, and both stable and blow fly late stage pupae reach > 10 5 as well with no reported impact on adult emergence Miggiano 1963, Rochon et al. 2005) . While gross levels of bacteria may hinder pupal development and impact subsequent adult emergence, this was not evident, as the quantities of bacteria recovered from "dead" pupae (pupae from which adults did not eclose) in all strain-concentration assays did not differ significantly from each other (%10 4 CFU/pupa).
Genes present in Salmonella Montevideo 304 and absent from Salmonella Montevideo 1110 include a clade B-specific fimbrial operon, sfa, that plays a role in bacterial adhesion, as well as an enhancin-like gene (vep) that may target degradation of the insect peritrophic membrane (den Bakker et al. 2011) . Since quantity of bacteria in "dead" pupae did not correlate with reduced adult emergence, we speculate that properties of Salmonella Montevideo 304 may enable the bacteria to escape the larval gut and adhere to sites in the developing pupa that impede formation of the adult, resulting in reduced adult emergence. Tempero-spatial microscopic studies would be desirable to examine location of bacteria over time when horn fly larvae are reared in high concentrations of this strain. Evaluating transstadial carriage of bacteria to the adult stage is relevant given the potential for horn fly transmission of pathogenic bacteria within a herd due to close association with its bovine host (Owens et al. 1998 , Olafson et al. 2016 . Assessment of Salmonella Montevideo strains 1110 and 304 on the surface, in the gut, and in the respective puparium of newly eclosed adult flies resulted in recovery of viable bacteria in the gut of only a small percentage (10%) in varying quantities (1, 57, 72, and 3,000 cfu) . This is in contrast with earlier observations in which stable fly and house fly larvae reared in a monoculture of E. coli produced 27% and 66% of newly emerged adults, respectively, harboring the bacteria (Rochon et al. 2005) and in which Salmonella schottmulleri was cultured from all newly emerged house fly adults reared in monoculture (Radvan 1960) . Larval acquisition methods possibly account for observed differences between these studies.
Results of the current study indicate that Salmonella can support horn fly development with pupal survival impacted by differences in strain phenotype and concentration. While the bacterial strains do persist throughout horn fly pupal metamorphosis, transstadial carriage by adults is inefficient when these flies develop in a Salmonella monoculture
